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Concrete cover delamination model for non-uniform corrosion of reinforcements

Yanlong Zhang and Ray Kai Leung Su!
Department of Civil Engineering, The University of Hong Kong, Pokfulam Road,
Hong Kong, PRC

Abstract: Cover delamination failure caused by the corrosion of closely spaced
rebars is commonly found in deteriorated reinforced concrete (RC) structures.
However, analytical studies carried out on this failure mode of RC structures are rare.
In response, this paper proposes a novel analytical model for cover delamination
which takes into account the interaction between the neighboring corroded rebars,
non-uniform distribution of rust around the steel/concrete interface, and boundary
conditions of the concrete surface. This simple model enables manual prediction of
the bulging deformation of the cover surface and the maximum thickness of rust. The
predicted results are then verified with numerically derived results from a nonlinear
finite element analysis. Finally, the effects of the rebar spacing, tensile strength of
concrete and cover thickness on the bulging of the concrete cover surface and the
maximum thickness of rust are studied with the verified analytical model.

Keywords: Cover delamination; Non-uniform corrosion; Concrete cover; Durability;

Analytical modeling

1. Introduction

Concrete cover cracking, spalling and delamination are all caused by rebar
corrosion, which is one of the primary reasons for the deterioration of reinforced
concrete (RC) structures [1, 4, 5] as the corrosion-induced damage causes loss of
integrity in the concrete cover, and reduces the bond strength between the steel bars
and concrete as well as the strength of the rebars. Consequently, the serviceability,
strength, durability and ductility of RC structures are adversely affected [6-9]. The
total cost for the maintenance and repair of corrosion-induced deterioration of RC
structures worldwide has been estimated to be around USD100 billion each year [11].

It is important to investigate the cover damage caused by non-uniform rebar
corrosion which can be commonly observed in practice. The reason of non-uniform
distribution of rust is because the penetration of chloride/carbonation, moisture and
oxygen into concrete is often not uniform around the perimeter of the rebars [12].
More rust is usually found on the side of the rebars that faces the cover surface [13-16]
due to the macrocell corrosion of the rebars [17]. Previous studies have investigated
cover failure caused by the non-uniform corrosion of rebars around the cross section
of rebars [16, 18-25] and along the rebar themselves [25]. In this study, only

non-uniform corrosion (not uniform) around the circular cross section of the rebars is
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considered.

A number of studies in the existing literature have examined the
corrosion-induced damage of concrete covers by modeling the covers as thick-walled
cylinders [4, 6, 26-28]. However, these models cannot simulate flat concrete surfaces
with multiple embedded rebars that are found in most RC components. The major
shortcomings of using thick-walled cylinder models to simulate the corrosion induced
cracking of concrete covers are summarized as follows. First, the confinement effect
of concrete that surrounds the cover (thick-walled cylinder) is ignored but in actuality,
can prolong the service life of RC structures [1, 29]. Despite that some studies [1, 29]
have taken into consideration the effects of confinement in thick-walled cylinder
models, the expansion pressure caused by the corrosion of the rebars was assumed to
be uniformly distributed around the rebars. It is well known that the calculated effects
of the pressure of corrosion and volume of rust on cover cracking that assume a
uniform corrosion are not the same as using non-uniform corrosion [23, 30, 31].
Second, the effects of the rebar spacing and the interaction between the neighboring
rebars that are corroded cannot be simulated by using a thick-walled cylinder model
with a single rebar. Third, the different types of failure, such as cracking, spalling or
delamination, cannot be examined separately by using a thick-walled cylinder model.

Cover surface cracking caused by the corrosion of a single rebar has also been
extensively studied [4, 32-34]. However, if the proposed methods are applied to
analyses of cover delamination due to multiple rebars, the results could be erroneous
as the damage mode of these two types of cover failure are very different.
Furthermore, previous results [12, 22, 35, 36] have shown that a large number of
corroded rebars can lead to cover delamination prior to the cracking of the cover

surface; see Fig. 1.

rebars

—
N/

cracks

concrete

Fig. 1 Concrete cover delamination in RC beam

There is a paucity of work in the literature on corrosion-induced cover
delamination [37]. While Li et al. [38] proposed an analytical model to predict the

time to cover delamination due to corrosion of the steel reinforcements based on the
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crack opening in concrete, the model is based on a thick-walled cylinder and assumes
that there is uniform corrosion of the rebars without taking into consideration the
interaction between the neighboring corroded rebars. Sterritt [39] proposed a simple
method to predict the time to cover delamination by taking into consideration the rust
volume, corrosion rate and rebar diameter. However, Sterritt [39] did not consider
rebar spacing which is a critical parameter that affects the progression of cover
delamination [12]. Although the initiation of cracking and the width of cracks across
the plane of the corroded rebars have been studied by using numerical models [22, 35,
40] or a numerical model along with an analytical method [12], it is still difficult to
directly measure the internally connected cracks and numerical methods are relatively
complex and difficult to be implemented by practicing engineers. Furthermore, the
process and progression of cover delamination are still unclear. Hence, it is imperative
to develop a simple analytical model to simulate the deterioration process of cover
delamination and estimate the thickness of the rust.

In this study, a novel model is proposed to simulate cover delamination caused
by the corrosion of closely spaced rebars in RC components by taking into
consideration: (1) the interaction between the neighboring corroded rebars, (2) the
non-uniform distribution of rust around the steel/concrete interface, and (3) a flat
concrete surface. Furthermore, a finite element (FE) analysis will be carried out with
ATENA to verify the proposed analytical model.

2. Proposed cover delamination model

In this section, a discussion will be provided on the development of a cover
delamination model to simulate the process of cover delamination due to the
non-uniform corrosion of closely spaced rebars. The term ‘closely spaced” means that
the rebar spacing/clear spacing between the rebars is sufficiently close enough so that
both the internally connected cracks across the plane of the corroded rebars and the
bulging of the concrete cover surface caused by the corrosion of rebars could be
affected by the neighboring corroded rebars. Based on the results obtained from the
FE model which will be discussed in Section 3, the entire process of the bulging of
the concrete cover surface can be observed as three stages: (1) the elastic stage of the
concrete, (2) partial cracking stage and (3) the stage in which there is development of

delamination in the concrete cover.

2.1 Distribution of rust
In this study, the delamination of the concrete cover is analyzed as a two
dimensional problem for simplicity and computational efficiency. However, the shape

of the distribution of the rust around a rebar is beyond the investigation scope of this
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study. Therefore, the distribution of the rust is assumed to be in a crescent shape [13,
16, 23], as illustrated in Fig. 2. In the figure, D is the rebar diameter, dsmax is the
maximum thickness of the corroded steel and drmax is the maximum thickness of the

rust. The volume of the corroded steel Vieel, can be obtained by using:

_1mb? 1mD (D __ mDdgsmax
Vsteel ~ 3 4 2 2 (2 ds,max) - 4 (1)
Surface
of rust
d

initial steel
surface

corroded
steel surface

A

v

D

Fig. 2 Crescent shaped distribution of rust

2.2 Properties of materials
When a linear elastic stress-strain relationship is assumed for concrete in tension,

then

Ot

gt =
Ec,ef

2)
where & is the tensile strain of concrete, ot is the tensile stress and Ecer is the effective
elastic modulus of concrete which can be expressed as:

Ecer= E./(1+ ¢cr) (3)
where E. is the elastic modulus of concrete and ¢ is the creep coefficient of
concrete.

Once the tensile stress reaches the tensile strength of the concrete, the

corresponding strain of the concrete .t can be expressed as:

Eep = 2 “4)

where f; is the tensile strength of the concrete.
Cracking initiates after the concrete reaches tensile strength. In this study, the

fictitious crack opening w(x) is assumed to be linearly proportional to the coordinate x
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along the fracture process zone (FPZ) with the origin at the crack tip. The relationship

between w(x) and x can be expressed as:

w(x) = ——w, (5)

Lrpz

where we is the crack tip opening displacement which corresponds to zero residual
tensile stress on the crack surface and Lprz is the length of the FPZ.

As the Young’s modulus of steel (~200 GPa) is much higher than that of concrete
(about 20-30 GPa), the elastic deformation of rebars can be neglected [27] and
therefore, the rebars are treated as rigid bodies in this analysis. Furthermore, when the
Young’s modulus of the rust Enst or the bulk modulus of the rust Kust (which is
defined as the ratio of the infinitesimal pressure increase to the resulting relative
decrease in the volume, and can be expressed as Krust = Erust/3/(1-2vrust) where vrust 1S
the Poisson’s ratio of rust) is high enough, for instance, Enst > 500 MPa [1], Erst > 1
GPa [27], Krust > 300 MPa [41] or Krst > 4 GPa [42], the effect of the deformation due
to rust on calculating the volume of rust can also be neglected [1, 27, 41, 42]. For
simplicity, rust is considered to be a rigid body in this study.

2.3 Process and progression of cover delamination

Fig. 3 shows the progression of the bulging of the concrete cover surface of an
RC member with a flat surface due to delamination. The RC member which has
multiple rebars is illustrated in Fig. 3a in which c is the cover thickness and Sy denotes
the rebar spacing. In this figure, a corroded interior rebar together with the exterior
part of the concrete with a width of Sy shown inside the dashed box will be elaborated

in the subsequent sections to simulate the cover delamination process.
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Fig. 3 Crack initiation to cover delamination

After the porous zone around the rebar is covered with rust, the process of the
bulging of the concrete cover surface can be observed as three stages: (1) the elastic
stage of the concrete, (2) partial cracking stage and (3) the stage in which there is
development of delamination in the concrete cover.

The elastic stage of the concrete (see Fig. 3b) is initiated with rust induced
expansion pressure onto the surrounding concrete and ends when cracking starts
around the steel/concrete interface. Here, the initiation of cracking is defined as the
point when the tensile stress of the concrete reaches the tensile strength of the
concrete fi. As the concrete cover remains elastic, this stage is called the elastic stage
of the concrete. Due to the elastic shortening of the concrete, the maximum amount of
bulging of the concrete cover surface along the vertical line of symmetry at Point A,
des,a, 15 slightly less than the net maximum thickness of the rust dimax at Point B
(which is defined as the maximum thickness of rust that induces expansion pressure

onto the surrounding concrete). Furthermore, the corrosion-induced expansion
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pressure on the side near the concrete cover pushes against the concrete cover and
causes the elastic concrete parts ABIC and ABI'C’ to rotate about the pivot points
(Points C and C") as shown in Fig. 3b, in which Points B, | and I" are all found at the
steel/concrete interface. In this stage, the deformation of the concrete cover surface is
mainly from the rotation of the concrete cover. It can be assumed that the surface
deformation along AC, d.s(x), decreases linearly from dcs a to 0 as shown in Fig. 3b.

The second stage of the bulging which is called the partial cracking stage is
illustrated in Fig. 3c. The figure shows that Points H and H' are at the steel/concrete
interface and Points M and M’ and Points M1 and Mz’ are on the plane of the rebars
and on the cover surface, respectively. This stage starts with the initiation of cracks at
the steel/concrete interface and ends with the initiation of cover delamination which is
defined as the moment when there is no tensile capacity along HM, which is the
delamination plane. During this stage, cracks gradually penetrate along HM which
results in internally connected cracks on the plane of the corroded rebars. The width
of the internal cracks progressively increases with the increase of rust thickness. With
the initiation of cover delamination, the cracks along HM become wide enough so that
the concrete can no longer provide resistance against the residual tensile stress, which
leads to uplifting movement of the concrete part ABHMMj. Thus, the deformation
due to a bulging surface dcs(x) is a constant and equal to dimax. Hence, in the partial
cracking stage, the deformation of the concrete cover surface is determined by both (1)
the rotation of the concrete part ABIC which is mainly caused by the confinement
effect of the concrete along the delamination plane HM and (2) the vertical movement
of ABHMM: which is caused by cracking along HM. Together, they lead to less
bulging of the concrete cover surface that is approximately linear from Points A to M;
(see Fig. 3c). Furthermore, the effect of the rotation of ABIC is reduced with crack
growth, while the uplifting movement of ABHMM; gradually increases.

The third stage is the development of delamination in the concrete cover. In this
stage, the uplifting movement of the concrete cover is the main reason for the
deformation of the concrete cover surface and dsmax i equal to the bulging along AM;

as shown in Fig. 3d.

2.4 Corrosion induced expansion

During the progression of steel corrosion, four sources contribute to the total
volume of rust, Vi, [1, 6, 43]: (1) the volume of rust in the corroded steel itself, Vel
(2) the volume of rust in the porous zone at the steel/concrete interface, Vporous, (3) the
net amount of rust that induces expansion pressure onto the surrounding concrete, Viet,
and (4) the amount of rust that penetrates into the corrosion-induced cracks, Veracks.

Therefore, the total volume of rust can be calculated as:
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Viust = Vsteel + Vporous + Vet + Veracks (6)
As all of the rust is produced from the corrosion of steel, the total volume of rust
can also be expressed as:

Viust = BVsteel (7)
where £ is the ratio of the volume of rust to that of the original corroded steel.
Therefore, the relationship between ds max and drmax can be obtained as follows:

dr,max = Bds,max (8)

For each component of rust, the parameter £ varies from 1.7 to 6.15, like FeO =
1.7, Fe;O3 = 2.1, Fe304 = 2, a-FeO(OH) = 2.95, p-FeO(OH) = 3.53, y-FeO(OH) =
3.07, Fe(OH); = 3.6, Fe(OH); = 4.0, Fe(OH)33H20 = 6.15 [4, 44], while in practice,
the rust is a mixture with different components, and £ for the mixture is
experimentally determined as around 3 by the Sanz et al. [45].

The porous zone around the steel/concrete interface can accommodate some rust
and therefore, prolong the period of deterioration of the concrete cover [1, 4, 26, 46].
In this study, it is assumed that rust can only migrate into the concrete area that is
adjacent to the corroded steel in non-uniform corrosion [19]. Therefore, the volume of
rust that penetrates into the porous zone around the corroded steel can be calculated

as:
d
Vporous = % (D +d,) )

where dj is the thickness of the porous zone.

Although rust can penetrate into the surrounding concrete and damage the
concrete cover at the same time [43, 47, 48], it is assumed here for simplicity that rust
migrates into the porous zone first and then expansion pressure develops and is
exerted onto the surrounding concrete [4, 27]. Previous studies suggest that the
thickness of the porous zone is between 12.5 pum < do < 120 um [4, 26, 27, 49], and its
thickness is mainly affected by the steel rebar (including geometry, orientation,
surface state at the time of concrete casting), concrete properties (including mix
proportions, hardening, curing, execution, ageing), and entrapped/entrained air voids
[46].

As there is no consensus on whether rust penetrates into corrosion-induced
cracks (and if so, how much) [25, 43, 50-52], the volume of the rust in the cracks is
considered to be 0, i.€. Veracks = 0, in this study.

The maximum thickness of the corroded steel that produces the rust that migrates
into the porous zone, dso,max, can be obtained by inserting Egs. (1), (7) and (9) into Eq.
(6), as follows:

ds0max = B-1 (10)
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Once the porous zone is filled with rust, the net maximum thickness of the rust
drmax that induces expansion pressure onto the surrounding concrete can be expressed

as:
df,max = (.8 - 1) (ds,max - ds,O,max) (11)

2.5 Elastic stage of concrete

In this stage, the concrete cover is elastic and has no cracks. Therefore, a linear
elastic process can be used to analyze the concrete cover deformation. The concrete
cover can be considered as an elastic thick-walled cylinder with an inner diameter of
D/2 and outer diameter of D/2 + c. Therefore, the bulging of the concrete cover at
Point A, dcsa, can be calculated as [53]:

_ 2dfmaxD(D+2c)
desa = DZ(1-v)+(1+v)(D+2¢)? (12)

where v is the Poisson's ratio of the concrete.

Fig. 3b shows the concrete parts ABIC and ABI'C’ which are assumed to be
symmetrical around Line AB. Point O is the center of the non-corroded rebar and
Points O, | and C are collinear. The distance between Points A and C, Lac, is

Lac = (g + c) tan @ (13)

where ¢ is the angle of a diagonal crack, which typically varies between 40° and 65°
[12, 20-22, 24, 30, 31].

During this stage, the deformation along AC decreases linearly from dca to O.
Therefore, when Sp < 2Lac as shown in Fig. 4a, the bulging dcs(x) can be calculated
as:

dcs(x) = Lii;x dcs,A (O Sx< Sb/z) (14)

When 2Lac < Sp as shown in Fig. 4b, dcs(x) can be expressed as:

Lac—x
des (x) =1 Lac

WA,V,E 0<x< LAC

LAC SXSSb/Z

(15)

where X is the horizontal coordinate with Point A as the origin.
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Fig. 4 Bulging of concrete cover surface in elastic stage of concrete
As the corrosion of the rebar advances, the concrete around the steel-concrete
interface will stretch due to the expansion of rust. The elongation of concrete W can

be calculated as follows:

_r 3(D+df,max) D (D D
E —le—\/z(z”ﬂmax)l ) (16)

In this stage, the tangential strain of the concrete around the corroded rebar at the
steel/concrete interface is usually considered uniform [6, 26-28, 54]. Cracks initiate
around the corroded rebar when Wr reaches the critical tensile deformation rate of the

concrete Wk, i.e.,

D Ect

Wg = Wge = > (17)

When cracks initiate around the steel-concrete interface, the corresponding net
maximum thickness of the corroded steel dmaxec and the corresponding bulging of
the concrete cover dcsac at Point A can be obtained from Egs. (16) - (17) and Eq. (12),

respectively.

2.6 Partial cracking stage

After cracking takes place at the steel/concrete interface, the cracks gradually
propagate beyond the interface as shown in Fig. 3c. During this stage, the bulging of
the concrete cover surface is determined by both the rotation of ABIC and the
uplifting movement of ABHMM,. The proportion of the deformation, p, caused by the
uplifting movement of ABHMM; is calculated as:

df,max_df,max,Ec (1 8)

p=

df,max,u_df,max,Ec

where dfmax.u 1S the net maximum thickness of the rust when the cover delamination is

initiated which will be elaborated in Section 2.7.
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Hence, dcs,a consists of two parts: (1) (1-p)drmax Which can be obtained from the
elastic process as shown in Section 2.5, and (2) pdr.max Which can be obtained from the

uplifting movement of the concrete cover. Thus, dcsa can be expressed as:

2dfmaxD(D+2¢)(1-p)
D2(1-v)+(1+v)(D+2¢)?

dcs,A = + pdf,max (19)

Similarly, the bulging of the concrete cover surface at Point M; can be pdfmax and
therefore, the bulging along AC decreases linearly from dcs.a t0 pdimax. Hence, when
Sb < 2Lac as shown in Fig. 5a, the bulging of the concrete cover surface along AC,
dcs(x), can be expressed as:

dcs(x) — de‘maXD(D+Zc)(1—p)(LAC—x)

Lac[D2(1-v)+(1+v)(D+2¢)?] + pdtmax (20)

When 2Lac < Sp as shown in Fig. 5b, dcs(x) can be expressed as:

2dfmaxD(D+2c)(1-p)(Lac—x)

+ pdf,max 0<x<Lxc

des(x) = { LaclD?2(1-0)+(1+v)(D+2¢)?] (©2))
pdf,max Lac <x < Sb/Z
da\(X) 1 _ 2elyyy DD + 26)(1 = p){Lpe — %) I du_\(“\:)
ol = LaclDEH(1— 1) + (1 +u)(D + 2¢)4] + Plenas

N f . C / 0
1n1t|ak£)051t10n _ initial position /
, 4B / B /
of cover |07 -~ of covery, |- 07|
g Q{f’ /

—O— lo) — o — (o} O
M H\ o /H M M’ H\ ¢ /H M
'\rebar cracks
< > P rebar _
qu < Sb »
concrete concrete
(a) Partial cracking stage when S, =27, . (c) Partial cracking stage when S, > 2L , .

Fig. 5 Bulging of concrete cover surface in partial cracking stage

2.7 Initiation of cover delamination
Once the crack tips of two neighboring rebars join together, the cracks penetrate
through the plane of the two rebars and cause delamination of the concrete cover.
Then, dcs(X) is equal to the net maximum thickness of the rust, dimax,u, 1.€.,
des(%) = dfmaxu = desau (22)
where dcs a,u 1s the bulging of the concrete cover at Point A when the delamination of
the cover starts.

11
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Fig. 6 Crack propagation caused by one single rebar

To obtain dfmax,u, the neighboring corroded rebars are examined separately. When
a crack tip reaches Point R due to the corrosion of one of the rebars as shown in Fig. 6,
the stress and strain of the concrete at the crack tip in the direction perpendicular to
the crack is the tensile strength of the concrete f;, and the corresponding critical tensile
strain of the concrete .. The partially cracked concrete cover with one rebar can be
simulated as an elastic thick-walled cylinder with an inner diameter of r1; and outer
diameter of Sp/2 as shown in Fig. 6. Therefore, based on the elastic process, the ratio
of the vertical stress at Point R (f;) to that at Point M (oem) can be expressed as [53]:

e _ rii+(Sp/2)? (23)

oM 2r3;

In Fig. 6, the length of RR; is equal to that of RR> and the length of MM; is
equal to that of MM,. As there is no external load on the cover surface, the tensile
strain of concrete is zero in the direction perpendicular to the cover surface (at Points
Ri and M;). It is assumed that the tensile strain of concrete decreases linearly from the
cracked surface (along RM) to the cover surface (along RiM;) and that the variation
in the tensile strain of concrete on the two sides of the cracking (concrete parts
RRiM|M and RRoM;M) are the same. Therefore, the deformation of the concrete at

Point R, Wi k., can be calculated with:

Wy Ec = €t (C + g) (24)

and the deformation of the concrete at Point M, W kc,1i, can be determined by using:

D
WME1i = EMEi (C + ;) (25)

where em,1; 1s the strain of the concrete at Point M in the direction perpendicular to

the crack and can be determined with:

EMEL = T (26)

cef
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The deformation of the concrete at Point M can be obtained by inserting Egs. (4),
(23), (24) and (26) into Eq. (25),

2
Zrlin'Ec
T12i+(5b/2)2

WumEe1i = (27)

During the partial cracking stage, the length of the FPZ is r1; — D/2. Based on the
assumption provided in Section 2.2 on the relationship between the crack opening and
the length of the FPZ, the crack opening at Point H, CMODw;1;, can be calculated as:

CMODy ,; = =22y, (28)

Lppz

Considering the interaction of the neighboring corroded rebars, the total
deformation of the concrete at Point M, WwmEgc,, is equally affected by the two
neighboring rebars. Therefore, Wwm gc.; can be expressed as:

2
4T1in,EC

Wue: = 2W, | =
M,E,l M,E,ll r12i+(sb/2)2

(29)

If the influence of the neighboring rebars on the crack opening at the steel
surface (Point H) is neglected, the crack opening at that point due to the corrosion of
multiple rebars can be determined by using:

CMODy; = CMODy 1; = =222y, (30)

Lppz

When WmEg: = Wike, the delamination of the cover is initiated, and the critical

crack tip radius 7. can be obtained by combining Egs. (24) and (29):

S
Tic = % (31

Taking into consideration the elastic deformation of the concrete, dfmaxu can be
obtained by combining Eqgs. (30) and (31):

_ Sp—V3D

df,max,u - mwc + Wx,Ec (32)

2.8 Development of cover delamination
After dfmaxu < drmax, the bulging of the concrete cover surface is primarily
attributed to the uplifting movement of the concrete cover, i.e.,
dimax = des(x) (33)
As corrosion progresses, the bulging gradually increases and delamination of the

concrete eventually takes place.

3. Finite element model
A nonlinear FE analysis was carried out with ATENA to verify the analytical
model developed in Section 2. To examine the concrete cover delamination, three

rebars were used in the FE model. The schematics and boundary conditions of the

13
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concrete samples is shown in Fig. 7 and the rebar diameter, cover thickness, rebar
spacing and concrete properties (modeled by using the SBETA material model with an
exponential tension softening curve) used in the simulation are provided in Table 1. It
has been found that the failure modes of concrete covers caused by interior and corner
rebars are different [18, 24, 33, 55, 56] due to mainly the difference in boundary
conditions. As this study focuses on the cover delamination caused by the interior
rebars, only the middle rebar and the concrete cover in the middle of the sample in Fig.

7 are examined.
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Fig. 7 Schematics and boundary conditions of concrete sample

Table 1 Rebar diameter, cover thickness, rebar spacing and concrete properties

Rebar Cover Rebar spacing | Tensile strength | Young’s modulus of
diameter | thickness St (mm) of concrete f; concrete E.cr (GPa)
D (mm) ¢ (mm) (MPa)

12 25 1.5D+c=49.5 2317 30.23
12 35 2D+c=62 3.678 39.27
12 45 2.5D+c=74.5 4.82 43.69

The cross section of each rebar is evenly divided into 24 segments as shown in

Fig. 8. Rust expansion was modeled by using the thermal analogy method and the
increase in the rebar radius due to the expansion of rust is calculated by using:

dfmax = ;AT D /2 (34)

where dfmax 1s the increase in the rebar radius, a; is the thermal expansion coefficient

of steel which is 1.2X 107 m/(m-K) and AT is the increase in temperature. In order for

the rust to distribute in a crescent shape, the temperature assigned to each segment of

the partially corroded rebar is linearly reduced with an increase in the distance from

every part of the steel to the cover surface as shown in Fig. 8.
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4. Verification and discussion
In this section, the process and progression of concrete cover delamination,
dimax.Ec, Oes(X), dimax,u and the relationship between dimax and des,a obtained from the

analytical and the FE models are compared for different Sy, f; and c.

4.1 Process and progression of concrete cover delamination

The bulging of the concrete cover surface obtained by using ATENA for dfmax =
5 um, 10 pm, 20 um and 30 pm are shown in Fig. 9 in which the origin is in middle of
the two rebars. The dimaxu for the initiation of the concrete cover delamination is 18
um. Therefore, dfmax = 5 pm and 10 pm in the partial cracking stage and dfmax = 20
um and 30 pm in the stage in which delamination develops in the concrete cover. In
the partial cracking stage, the bulging dcs a is less than dfmax, and des(X) decreases from
Point A to Point M; (see Fig. 9a). In the stage where delamination develops in the
concrete cover, the des(X) is almost the same and generally equal to dimax as shown in
Fig. 9b. The reason why the deformation at Point M is a little higher than that at Point
A may be due to the effect of the neighboring corroded rebar. It can be concluded that
the bulging of the concrete cover surface obtained by using ATENA perfectly supports
the process and progression of the corrosion-induced delamination of the concrete

cover as proposed in the analytical model.
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Fig. 10 is a comparison of the dfmax,gc Obtained from the proposed analytical and
FE models for different f. It can be observed that the results obtained from the

analytical model are in good agreement with those of the FE model. Moreover,

dtmax,Ec Increases with an increase in f;. This is reasonable as a higher f; will require a

higher net maximum thickness of rust to initiate cracking in the concrete.
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4.3 Surface deformation along AC dcs(X)

A comparison of the dcs(X) obtained from the analytical and the FE models are
shown in Fig. 11 for different Sy, f; and c. It can be observed that all of the results of
the analytical model agree well with those of the FE model.

Figs. 11a-11c show the effects of Sb, f; and ¢ on the dcs(X) in the partial cracking
stage when dimax = 5 pm. It can be observed that for the same dfmax, the des(X)
decreases with an increase of S,. This is because a wider S, means a greater
confinement effect of the concrete along HM. This is reasonable as a higher strength
concrete with a thicker cover will inhibit the initiation of corrosion. However, it is
interesting to find that f; and ¢ have almost no influence on dcs(X) for the same dfmax.

The effects of Sp, fi and ¢ on dcs(X) on the development of delamination in the
concrete cover when dimax = 30 pum are shown in Figs. 11d and 1le. It can be
observed that Sy, fi and ¢ have no effects on dcs(X) as des(X) is determined by dimax in

this stage.
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Fig. 11 Comparison of dcs(X) obtained from analytical and FE models: effects of (a)
rebar spacing (f, = 2.317 MPa, E_ = 30.23 GPa, ¢ = 25), (b) tensile strength of

concrete (S, = 62 mm, ¢ = 25) and (c) cover thickness (f, = 2.317 MPa, E_ .= 30.23
GPa, S, = 62 mm) in the partial cracking stage; effects of (d) rebar spacing, (e) tensile
strength of concrete and (f) cover thickness in development of delamination in
concrete cover (v=0.2, D=12mm, f=3,d,=12.5 um, ¢ = 60°, L,, = 130 mm, w_
=200 pum)

4.4 Net maximum thickness of rust dfmax.u

Fig. 12 shows the dimaxu obtained from the analytical and the FE models for
different S, fi and c. It can be observed that the analytically modeled results are in
good agreement with the numerically derived results. Furthermore, dfmax,u increases
with an increase in S, while f; and ¢ have almost no effect on dfmaxu. This is because
when uplift begins to occur on the concrete cover, the concrete cover can be affected
by Sb as shown in Egs. (31) and (32), but f; and ¢ have almost no effect.
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Fig. 12 Comparison of dfmaxu obtained from analytical and FE models: effects of
(a) rebar spacing (i =2.317 MPa, E_ .= 30.23 GPa, ¢ = 25), (b) tensile strength of

concrete (Sb = 62 mm, ¢ = 25) and (c) cover thickness (ft=2.317 MPa, E_ .= 30.23
GPa,v=10.2, S = 62 mm) (D= 12 mm, =3, d,=12.5 pm, ¢ = 60°, Lrpz = 130

mm, we =200 um)

455
456 4.5 Relationship between dfmax and dcsa
457 Fig. 13 is a comparison of the relationship between drmax and desa Which are

458  obtained from the proposed analytical and FE models. It can be seen that all of the
459  analytically modeled results agree well with the results obtained from the FE model.
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5. Conclusions

In this study, a novel analytical model is proposed to simulate the concrete cover
delamination caused by multiple rebars that are closely spaced in RC structures by
taking into consideration (1) the interaction of the neighboring corroded rebars, (2)
the non-uniform distribution of rust around the steel/concrete interface, and (3) a flat
concrete surface.

A nonlinear FE analysis has been carried out with ATENA to simulate the
non-uniform expansion of rust by using the thermal analogy method. The analytical
model has been verified through a comparison of the analytically modeled results with
the numerically derived results.
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The process and progression of the bulging of the concrete cover surface due to
delamination are determined by using the analytical model. The progression of the
concrete cover delamination can be examined as three stages: the elastic stage of the
concrete, partial cracking stage and the stage in which there is development of
delamination in the concrete cover.

In the partial cracking stage, the bulging of the concrete cover surface is reduced
with an increase in rebar spacing. However, the tensile strength of concrete and cover
thickness have almost no influence on the bulging of the concrete cover surface.

In the stage in which delamination develops in the concrete cover, it is found that
the bulging is equal to the maximum thickness of the rust. Furthermore, the rebar
spacing, tensile strength of the concrete and cover thickness have no effects on the
bulging of the concrete cover surface.

This proposed model could be used to predict the amount of corrosion in rebars

based on the measured amount of bulging of the concrete cover surface.
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